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?XSA TT F-9735 

A PHYSICO-CHE35ICAL FODEL OF THE COMETARY 1XJCL;EUS c,, 3-L 
I 
i 

A .  H.Delsemne 
, 

A q u a n t i t a t i v e  analysis of t h e  physico-chemical surface 

phenomena, l i k e l y  t o  liberate gases from t h e  cometarg 

nucleus, i s  attercpted by deriving a n  equation f o r  t h e  t o t a l  

energy balance, based on va r i a t ions  i n  entropy and enthalpy 

of t h e  changes of s ta te .  The v a r i a t i o n  i n  l a t e n t  heat  of 

e v a E r a t i o n  with t h e  temperature i s  taken i n t o  considera- 

t i o n ,  i n  determining t h e  CIi4 and NH3 hydrates and t h e  ex- 

cess of f ree  methane assumed t o  exis t  i n  t h e  nucleus and 

coma of comets. The energy balance equation permits calcu- 

l a t i n g  t h e  amunt of l i be ra t ed  gases,  t h e  re la t ive abundance 

of t h e  cons t i t uen t s  o f  t h e  cometary nucleus, and t h e  surface 

temperature as a func t ion  of  t h e  s o l a r  dis tance.  

basis of sublirration, v a p r i z a t i o n ,  and l a t e n t  hea t  coxruta- 

t i o n s ,  it i s  assumed that the cometav  coma c o n s i s t s  of 

Gn t h e  

p rous  snows of pure nethane r a t h e r  

To c o r r e l a t e  t h e  model of cometary n u c l e i  

t h e  a u t h o r  attempts a q u a n t i t a t i v e  ana lys i s  of 

than of water i c e .  

t o  t h e  c o n s t i t u t i o n  of t h e  coma, 

t h e  surf ace chy s i co - chemi ca 1. 

zhenonena able t o  l i b e r a t e  gases from t h e  cometary nucleus,  by covering t h e  

v a r i a t i o n s  i n  e n t r o y  and e n t h a l g  of t h e i r  changes of s ta te  i n  a n  equation 

-% Nmbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  f o r e i g n  tex t .  
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g iv ing  t h e  t o t a l  energy balance. 

that it i s  easy t o  ca l cu la t e  numerically f o r  a h s t  any model, i n  view o f  t h e  

f a c t  t h a t  numerous Tables a r e  i n  exis tence on t h e  changes i n  entropy and enthalm; 

over  a wide temperature range, for m s t  of t h e  c o m n  m l e c u l e s .  On t h e  Dther 

hand, t h e  equation a l s o  takes i n t o  consideration any v a r i a t i o n  i n  l a t e n t  hea t  

with temperature. This e f f ec t  i s  by no means neg l ig ib l e ;  f o r  example, t h e  

l a t e n t  hea t  of  CH4 v a r i e s  fmm 2600 cal/mole a t  l O 8 K  t c  2100 a t  lW°K, and 

drops t o  160 only a t  190°K. 

s t i p u l a t i n g  t h e  s imylest  p s s i b l e  h y p t h e s i s  as t o  t h e  cons t i t u t ion  of t h e  

nucleus,  t ak ing  t h e  cosmic da t a  i n t o  consideration. S t a r t i n g  from t h e  cosmic 

abmdances,  we will s p e c i f i c a l l y  ind ica te  t h e  mechanism by which t h e  nucleus i s  

deprived of f r e e  niethane, s o  that t h e  m J o r  cons t i tuents ,  af ter  a c e r t a i n  t ime,  

w i l l  on ly  be methane and m n i a  hydrates (85%) surrounding t h e  me teo r i t i c  

fragments (15%). 

poss ib le  t o  ca l cu la t e  t h e  quant i ty  of l i b e r a t e d  gas, t h e  relative abundance of 

t h e  cons t i t uen t s ,  and t h e  sur face  t e q e r a t u r e  of t h e  nucleus,  as a func t ion  of 

t h e  s o l a r  d i s tance .  

The main i n t e r e s t  of t h i s  equation l i es  i n  

The results a r e  then  appl ied t o  m d e l s  obtained by 

I n  t h i s  case, t h e  equation f o r  t h e  energy balance makes it 

T h i s  temperature, i n  tu rn ,  pnrits  confimLng t h e  na tu re  

of t h e  physico-chemical e q u i l i b r i a  and t h e  chemical e q u i l i b r i a  , which had /2 
been adopted i n  descr ib ing  t h e  surface phenomena. 

d i c t  t h e  concentration of t h e  B r e n t  molecule gases emitted i n  t h e  corn as a 

func t ion  of t h e  solar dis tance .  

tain a h o s t  t h e  s a r e  composition over t h e  e n t i r e  length of t h e  comet t r a2ec to ry ,  

a cornps i t ion  which i s  ar,pro*ately defined bg t h e  ex is tence  of  hydrate f o r  

methane and by t h e  cosmic abundance of n i t rogen  f o r  avmnia .  

of t h e  corn, defined by t h e  parent molecules, as w e l l  as t h e  radius  of t h e  

"cheIrica1" coma (where t h e  chemical react ions almost reach e q u i l i b r i m )  a r e  

The ca lcu la ted  nodels pre- 

The sublimation gases that feed t h e  coma, re- 

The o u t e r  rad ius  
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ca lcu la t ed  as a func t ion  of t h e  he l iocen t r i c  d i s tance .  

obvious t h a t  t h e  coma abrupt ly  leaves t h e  nucleus a t  a d e f i n i t e  d i s tance ,  rang- 

ing between 3 and 5 a.u. , depending on t h e  value of t h e  albedo. Since t h e  coma 

i s  mainly composed of water vapor, plus small amounts of  CI& and "3, i t s  upper 

l a y e r s  s t rongly  absorb solar l i g h t ,  specifically i n  t h e  u l t r a v i o l e t  region,  and 

t h u s  hea t  up ra-cidly. Although it i s  obvious that t h e  final p ic tu re  of t h e  corn 

nust be obtained by ca re fu l  considerations of t h e  inc5vidual c o l l i s i o n s  wi tk in  

t h e  r i d d l e  and o u t e r  regions o f  t h e  coma, t h e  general  t r end  i s  roughly ind ica ted  

bp t h e  thermod.ynar5.c equilibrium^. This e q u i l i b r i m  shows t h a t  a s u f f i c i e n t  

hea t ing  will lead t o  dehydrogenation reac t ions ,  pielc3ng - i n  f i r s t  approxima- 

t i o n  - s u f f i c i e n t  q u a n t i t i e s  o f  COY C O z ,  &, HCN, and higher  hydrocarbons t o  

exp la in  a l l  t h e  usual r a d i c a l s  observed i n  t h e  heads and t a i l s .  This confirms 

that  t h e  extremely simple model adopted here  is no doubt s u f f i c i e n t  and that 

t h e r e  i s  no need t o  conjecture  on t h e  presence,  within t h e  nucleus,  cf substances 

o t h e r  than  HzO, CF+ , and KI& (besides  t h e  me teo r i t i c  dus t ) .  

I n  p r t i c u l a r ,  it i s  

The main idea of 'dhipplers conce& (l9SO) on t h e  composition of cornets i s  

obviously t h a t  t h e  gases,  present i n  t h e  state of i c e ,  i n  t h e  cometary n u c l e i  

c o n s t i t u t e  an important if not predominant f r a c t i o n  of t h e  mass of **ne@ o r  m- 

d i s soc ia t ed  comets. However, although 'IJhipple attem$ed t o  prove r a themat i ca l ly  

that t h e  t h e m 1  i n s u l a t i o n  of t he  ice  nucleus could expla in  t h e  - x r i h e l i o n  

p s s a g e s ,  he only q u a l i t a t i v e l y  suggested t h a t  a gas loss by evaporation might 

e q l a i n  t h e  pass l o s ses ,  estimated f r o m  t h e  modifications observed i n  cometary 

t r a j e c t o r i e s .  

!$e have i n  mind here  t o  present a q u a n t i t a t i v e  a n a l y s i s  of t h e  sur face  
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physico-chedcai  phenomena that r i g h t  l ead  t o  l i b e r a t i o n  of c e r t a i n  gases f r o n  

t h e  cometary nucleus. The obtained r e s u l t s  will then be appl ied t o  s i m r l i f i e d  

3hysico-chemical models and compared with actual observat ions.  Obviously, t h e  

production of gas is control led by the surface t enpe ra tu re  of t h e  nucleus, 

s i n c e  - i n  t h e  f inal  analysis - a l l  surface chemical o r  physico-chemical pro- 

cesses depend on t h i s  temperature, s p e c i f i c a l l y  t h e  vaporizat ions proper but 

a l s o  t h e  possible  phenomena of desor?t,ion, chemisorption, change of phase 

( s o l i d  - l i q u i d ) ,  o r  even chemical react ions.  Therefore, before  going f u r t h e r ,  

it i s  u s e f u l  t o  give a brief survey over t h e  d a t a  reprtued t o  d a t e  with r e spec t  

t o  t h e  su r face  ternperatwe of t h e  cornetary nucleus. 

marized by s t a t i r , g  %-hat t h e  m d e l s  s tudied unt i l  now were not s u f f i c i e n t l y  

gene ra l  f o r  covering t h e  e n t i r e  complex o f  a l l  possible  phenomena. 

ample, M ? e r t  (1947) obtained tenr,perature curves as a f u n c t i o n  o f  t h e  he l io -  

c e n t r i c  d i s t ance  r, by i n t e g r a t i n g  the  equation of heat  conduction. 

h i s  rrodel i s  quite exce l l en t  f o r  descr ibing t h e  retal  o r  s t o n e  rr.eteoritic 

nucleus,  it i s  not  app l i cab le  t o  t h e  v a p r i z a t i o n  of i c e ,  a point  that had not 

been s e r i o u s l y  considered a t  h i s  time. 

The s i t u a t i o n  can be sun-.- 

For ex- 

Although 

Levin (19L8), who suggested a rechanism 

of desorp t ion  f o r  feeding t h e  gases of t h e  core., f i rs t  used a simple model /L. 
and was  satisfied with wr i t i ng  t h e  surface t expe ra tu re  i n  t h e  c l a s s i c a l  form of 

T = T,r-' [ eq. (1) 3 ,  obtained from t h e  equilibrium between t h e  inc iden t  s o l a r  

energy flux and t h e  r a d i a t i o n  given by Stefan 's  law, which i n d i c a t e s  t h a t  t h e  

heat  of desorpt ion i s  neg l ig ib l e  with r e s p e c t  t o  t h e  ene rg ie s  involved. 

Delsemme and Swings (1952) introduced t h e  r a t e  of e m p r a t i o n  , calculated on 

t h e  basis of t h e  k i n e t i c  theory of gases and of s a tu ra t ed  vapor pressures,  b u t  

d id  no t  use t h e s e  d a t a  f o r  calculat ing t h e  terrpratwe. 

basing h i s  ca l cu la t ions  independently on t h e  same p r i n c i p l e s ,  calculated a n  

Later ,  

Dcbrovolsky (1953), 
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a p p r o x i r a t e  value f o r  t h e  terrperatwe ( see  h'cte 1)" which bad been used by 

Ikirkcv5ch (1958) f o r  w r i t i n g  T = Tor-' where 0 has a value ranging between C . l l  

and 0.16 depending on t h e  vaporizing substance, being C.16 f o r  water and G . 1 1  

f o r  methane. 

Yarkcvich (1959) calculated t h e  temperature o f  n u c l e i  of pure water, of 

pure CH4, and of a mixture of 50% CH, with  50% of m e t e o r i t i c  substances, as a 

f m c t i o n  of t h e  tine along t h e  t h e o r e t i c a l  o r b i t s .  

a l s o  calculated t h e  tenperatwe of t w o  s chem, t i c  rmdels (nucleus i n  t h e  form of 

a d i s k ;  zero albedo),  one f o r  pure water and t h e  o t h e r  f o r  one t h i r d  -mter ar,d 

two t h i r d s  of a Fean molecule c lose t o  "3, with t h e  o b j e c t  of studying t h e  

o r b i t a l  per turbat ions rroduced by t h e  evaporation. Natson, Nurray, and Brown 

(1963), using a m d i f i e d  nodel, calculated t h e  temperature of water-ice spheres ,  

dur ing  a s tudy on t h e  s t ab i l i t y  of v o l a t i l e  substances o re sen t  i n  t h e  s o l a r  

system. 

with t h e  tenperature ,  d e s p i t e  t h e  f a c t  that t h i s  v a r i a t i o n  f r equen t ly  exceeds a 

f a c t o r  of 2 and occasionalljr a f a c t o r  o f  10. For exarr.ple, i n  ca l cu la t ing  t h e  

l a t e n t  heat  of nethane, by t h e  va r i a t ion  i n  f r e e  e n e r a  o f  t h e  change of  s ta te  

a t  d i f f e r e n t  tenperatures ,  it w i l l  be found that t h i s  hea t  passes f r o m  a value 

o f  2600 cal/mole a t  1OO'K t u  2100 cal/mole a t  1%' K and even drop as low as 

160 cal/mole a t  190°K because of  t h e  approach t o  t h e  c r i t i c a l  point.  

it is  suggested t o  use any mean value with g r e a t  caut ion and t o  a y l y  it only  

if t h e r e  i s  no o t h e r  way, s ince  a zart o f  t h e  physical  s i g n i f i c a n c e  of t h e  ob- 

t a ined  resul ts  could e a s i l y  be l o s t .  

= Tor-' seers too  schematic f o r  o w  Furpose.  

Squires  and Beard (1961) 

Ncne of t h e s e  inves t iga t ions  allows f o r  v a r i a t i o n s  i n  t h e  l a t e n t  h e a t  

Therefore, 

P a r t i c u l a r l y ,  t h e  Yarkcvich formula T = ,& 
The quan t i ty  2 cannot be taken as 

constant f o r  a given substance s ince  it varies s t rong ly  as a f m c t i o n  o f  t h e  

~ 

-3 K;'ctes are assenbled a t  t h e  end o f  t h e  text.  

5 



h e l i o c e n t r i c  d i s t ance .  

1. Equation of t h e  Steady S t a t e  

TG express t h e  surface t h e m a l  equilibrium in t h e  s t eady  state,  it w i l l  be 

s u f f i c i e n t  t o  s t i p u l a t e  that ,  a t  any F i n t  o f  t h e  su r face  of t h e  nucleus,  t h e  

r a d i a t i o n  E absorbed per u n i t  surface i s  equal t o  t h e  r a d i a t i o n  E, from t h e  

nucleus i n t o  space plus t h e  l i b e r a t i o n  of free energy E, due t o  t h e  s u r f a c e  

physico-chenicai crocess (?base changes , chemical r eac t ions  between molecules 

o r  r a d i c a l s  , iiauici 3r s o l i 6  s a lu t ions  , desorct ions o r  cherLsorptions, e t  c. ) 

and p lus  t h e  energy diss i - ted toward t h e  i n t e r i o r  of t h e  nucleus E l :  

(1) E , = &  + E g + E i  

Whipple (1960) showed i n  a convincing manner t h a t  t h e  t r a n s f e r  of heat  by 

r a d i a t i o n  governs t h e  thennal  exchanges a t  t h e  c e n t e r  of t h e  nucleus,  while both 

convection and conduction are negl igible  t h e r e .  He a l s o  demonstrated that t h i s  

node of heat t r a n s f e r  i s  several orders of magnitude smller t k i n  t h e  su r face  

phenonena t o  be s tudied here, sc t h a t  h i s  r e s u l t s  r a k e  it ~ o s s i 3 l e  f o r  us t o  

neglect  t h e  transfer of heat through the nucleus i n  t h e  c a l c u l a t i o n  of  t he  

surface t h e m a l  equilibriuro. 

f low of gases due t o  evaporation through t h e  su r face  layer of t h e  corcetary 

nucleus and f i n a l l y  c a m e  t o  t h e  same conclusions, i n  view of t h e  fac t  t h a t  a 

molecular f low is  involved here,  which is always t h e  case f o r  t h e  production of 

gases discussed below and f o r  surface p r e s  smaller than one centimeter.  

w h a t  fol lows,  we can thus use E l  = G once and f o r  a l l .  

Xarkcvich (1958) s tud ied  t h e  in f luence  of t h e  

I n  

On t h e  o t h e r  band, E, is  expressed by t h e  change i n  free e n e r a  p e r  mle- 

cule AGi,  mult ipl ied by t h e  number Pi of i n i t i a l  molecules t h a t  undergo Dhase 

6 



changes o r  tha t  are  chemically converted, F r  CR' and Fer sec.  The c-hange i n  

f ree  enerEr AGi , Froduced by t h e  change i n  phase, Gr t h e  chemical r eac t ion  cf 

t h e  cons t i t uen t  i, a t  t h e  t e r p e r a t w e  T ,  can then be w r i t t e n  2s 

/6 

OGi = AH, - TASI (2) 

Here, Hi and SI are, r e spec t ive ly ,  t h e  v a r i a t i o n s  i n  enthalpy and entropy ner 

molecule, r e f e r r e d  t o  t h e  change of state o r  t o  t h e  chemical r e a c t i o n  of t h e  

cons t i t uen t  i. 

of s ta te  ( f o r  exarr,ple, s u b l i m t i o n  of i c e ) ,  t h e  number of molecules undergoing 

changes o f  state per second a t  t h e  surface of t h e  nucleus will be e q m l  t o  the 

number of mclecules of gas s t r i k i n g  t h e  i n t e r f a c e  between t h e  phases, such as 

can be calculated on t h e  basis of t h e  k i n e t i c  theory of gases ( see  Note 2). 

no t ing  by nl t h e  number of molecules p e r  cr~3 and by mi t h e  mlecular  mass of 

t h e  spec ie s  i i n  t h e  s a t u r a t e d  vapor a t  a pressure pi and a temperature T and, 

on t h e  o t h e r  band, denoting by Fi t h e i r  rcean-square ve loc i ty ,  w e  w i l l  obtain 

If we f i r s t  l i m i t  our ca l cu la t ion  t o  phpsico-chemical changes 

De- 

P, = 2 n , m i 2  = n , K  
3 

2 This r e a d i l y  shows that t h e  gas production Fl , expressed i n  @/cm , i s  equal t o  

where b i s  a purely numerical coe f f i c i en t  (see Note 3). 

pressed, i n  tu rn ,  as a funct ion of t he  v a r i a t i o n  i n  f ree  e n e r a  of t h e  change 

of state,  by 

Then pi can be ex- 

After t h i s ,  eq.(l.) can be w r i t t e n  i n  e x p l i c i t  form; E, i s  given by t h e  r e l a t i o n  

7 
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i n  r-2, appl ied t o  t h e  s o l a r  e n e r a  flux i l lumina t ing  a sur face  inc l ined  a t  an 

angle  9 , while E is  given by Stefan’s l a w  and E, by eqs.  (2) and ( 4 ) .  

From t h i s ,  we obtain /7 
-2 

F o ( l  - & )  r cos 8 = C j ( l  - A l ) P  + b(kT)-y2 G (Allf  - 
1 

where F, is t h e  s o l a r  f l u x  a t  t h e  t e r r e s t r i a l  d i s t ance ;  I$, is t h e  albedo of t h e  

cometary nucleus f o r  s o l a r  r a d i a t i o n ;  r i s  t h e  d i s t ance  f roE  %he sun in as t ro -  

non ica l  u n i t s ;  G is t h e  angle  Eade by t h e  normal t o  t h e  sur face  with t h e  d i rec-  

t i o n  t o  t h e  sun; cf is  Stefan’s constant;  A1 i s  t h e  albedo cf t h e  cometary 

nucleus f o r  t h e  temperature r ad ia t ion  T ;  while T is  t h e  temperature of sublima- 

t i o n  of t h e  sur face  i c e ;  ic i s  t h e  Soltzmann constant ;  and ai i s  t h e  f r a c t i o n  of 

t h e  cons t i tuent  i which p a r t i c i p t e s  i n  t h e  surface e v a p r a t i o n .  

Equation (5) def ines  T a t  any point of t h e  i l luminated surface of t h e  

cometary nucleus,  as a f m c t i o n  of t h e  s o l a r  d i s tance ,  f c r  t h e  case t h a t  t h e  

r o t a t i o n  of t h e  nucleus as w e l l  as t h e  f luc tua t ions  D f  Fg a r e  slow with r e spec t  

t o  e s t ab l i sh ing  t h e  thermal equilibrium. I f ,  conversely, t h e  r o t a t i o n  i s  suf- 

f i c i e n t l y  rapid t o  produce temperature equilibrium, t h e  quant i ty  cos 0 can be 

replaced by l/l+ i n  eq.(5), using conventional arguments. 

This equation is usefu l  i n  combination with e x i s t i n g  Tables of AS and OH 

which were  es tab l i shed ,  as a func t ion  of t h e  temperature, f c r  nost  changes of 

s t a t e  o r  ord inary  molecular react ions.  

l a r  equation f o r  t h e  case of substances f o r  which no 2.5 and CtH Tables e x i s t  and 

f o r  t h e  case of only simple changes of state, is t h e  following: I n  t h e  teRpera- 

ture range i n  quest ion,  f o r  exanple fmm so” t o  W O K ,  t h e  va r i a t ions  i n  e n t r o m  

A f u r t h e r  s b p l i f i c a t i o n  of t h i s  par t icu-  
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anc' enthallrg, a s soc ia t ed  with t h e  change of s t a t e  of a c e r t a i n  nmber  of o rd i -  

nary rnolecules, are neg l ig ib l e ,  as pmved by t h e  vaFr - t ens ion  curves of which 

l a r g e  segments can be f i t t e d  t o  s t r a i g h t  l i n e s ,  i n  t h e  diagraR log  p versus 1/T.  

This  permits using t h e  Clapeyron appmxjmation, i f  desired.  On t h e  o t h e r  hand, 

it may f r equen t ly  occur that a s i n g l e  cons t i t uen t  predozinates i n  t h e  vaporiza- 

t i o n  mechanism, i n  which case t h e  surmnation s i g n  vanishes;  t hen  t h e  doubly 

s i m p l i f i e d  equation w i l l  assume t h e  following form: 

where L i s  t h e  aean heat of vaporization of t h e  r s j o r  cons t i t uen t  while B = /8 
- - -  AS i s  a constant t h a t  can be detemined f r o m  a s i n g l e  sa tu ra t ed  vapor pres- 

R 

sure. 

i l luminated hemisFhere, as a funct ion of t h e  s o l a r  d i s t ance ,  of t h e  vapor pres- 

sure, and of t h e  mean l a t e n t  hea t  of vaporization of t h e  mjor cons t i t uen t .  

This equation def ines  t h e  surface tenperature a t  var ious p i n t s  of t h e  

To apnlp eqs.(5) o r  (6),  it is now necessary t o  select  a d e f i n i t e  mdel of 

t h e  conetary nucleus. 

t o  a minimum and should be c l e a r l y  defined. 

This neans a choice of hywtheses  which should be reduced 

11. C0KCRE;TE MOIIEL OF THE CC)ETARY NUCLEUS 

A s  b a s i c  hypothesis, it is  accepted here that t h e  elements w e r e  present  a t  

t h e  r a t i o  of cosmic abundance dur ing  the  process (no matter of w h a t  type) t h a t  

l e d  t o  condensation of t h e  cometary pass; i n  add i t ion ,  it i s  assumed t h a t ,  a t  

t h e  beginning, a l a r g e  superabundance of hydrogen ex i s t ed  which hydrogenized 

any hydrogenizable material within reach before  disappearing nore or less rapid- 

l y  toge ther  with t n e  l i g h t e s t  r a r e  gases, e i t h e r  by e v a p r a t i o n  o r  s inp ly  by 

cever condensing . 
9 



* 

Assuming, a t  t h i s  s t age ,  t h a t  t he  free r a d i c a l s  have been a b l e  t o  ex is t  f a r  

a c e r t a i n  time, an  k p c r t a n t  argument by Urey (1952) r u s t  be r eca l l ed ,  who men- 

t i oned  t h a t  f ree  r a d i c a l s  such as C y  CH, CHz, CEs, hT, KH, RH2,  0, and OI! must be 

s t r o n g l y  absorbed by s o l i d  surfaces  because of t h e i r  unsaturated bonds and that, 

consequently, t h e  s l i g h t e s t  amunt of d u s t  would e n e r g e t i c a l l y  catalyze t h e i r  

recombination with t h e  hydrogen present. 

s a r i l y  highly e f f i cac ious  i n  points  of space where t h e  mean f ree  paths are 

enormously long, it does have some value f o r  a cometary nucleus under formation. 

It i s  t r u e  t h a t  Donn’s argurrents (1955) lead one t o  be l i eve  t h a t  c e r t a i n  spe- 

c i f i c  m c h a n i s m ,  of which one extreme case ray go as far  as poisoning t h e  

c a t a l y s i s  by well-selected k p u r i t i e s ,  can be used f o r  preserving c e r t a i n  free 

r a d i c a l s  i n  t h e  cold over  a c e r t a i n  length of time. Nevertheless,  t h e  gene ra l  

rule remains v a l i d  that chemical equilibria have a tendency t o  become estab- 

l i s h e d ,  s p e c i f i c a l l y  during t h e  extremely long times i n  quest ion i n  a s t r o n o q .  

If free r a d i c a l s  a c t u a l l y  do exist, it is not impossible t h a t  t h e y  r i g h t  play 

a n  inpor t an t  role i n  t h e  explarat ion o f  c e r t a i n  l imited phenornena; however, 

t h e s e  r a d i c a l s  mst of necess i ty  represent a neg i ig ib l e  rass re lat ive t o  t h e  

mss of stable nolecules .  Xithout denying t h e  i q o r t a n c e  of laboratory s t u d i e s  

on t h e  behavior of f r ee  r a d i c a l s  a t  l o w  temperatures, t c  inc rease  present know- 

ledge in a f i e l d  i n  which o u r  ignorance i s  s t i l l  g r e a t ,  we w i l l  nevertheless  

assme below ( i n  l i e u  of anything better) t h a t  chemical e q u i l i b r i a  were i n  f a c t  

e s t ab l i shed  and that t h e  consequent hydrogenation had r a p i d l y  r e s u l t e d  i n  t h e  

appearance of l a r g e  amounts of stable molecules of HaO, CH4, and h”3. It should 

be nentioned t h a t ,  s i n c e  t h e  presence of CB4 is  incom*tible with t h e  ex i s t ence  

of C O Z Y  it I s  easier t o  explain t h e  chenorcena D f  eehydrogenation than t h e  in-  

verse s i t u a t i o n .  

Although t h i s  mechanism is not  neces- 

/9 

The only w x e r t a i n t y  remaining concerns t h e  f a c t  t h a t ,  i f  free 
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r a d i c a l s  had temporarily ex i s t ed ,  they could bmedia te l?  have cmduced comFlex 

molecules whose s implest  types would hzve been, f G r  examr;ie, GI&, N , & ,  C a b ,  

and HCN. 

as Cd12 o r  CaH4 which, although i n  a Retastable chemical s ta te  r e i a t i v e  t o  Ho ,  

would be able t o  subsist  f o r  long periods of time a t  low temperatures, much more 

so  t h a n  t h e  free r ad ica l s ,  and would thus  c o n s t i t u t e  an aFpreciable c h e ~ c a l  

p o t e n t i a l  f o r  explaining subsequent nechanisrrs, as had a c t u a l l y  been done e a r l i -  

e r  by t h e  au tho r  (Delsemme, 1953). 

This might a l s o  have been causative f o r  unsaturated hydrocarbons such 

To give a gene ra l  idea, we w i l l  consider below a rrass of lOla @I o f  mtter, 

d i s t r i b u t e d  over a sphere having a radius of t h e  order  of 10 IZT ( see  Rote L) . 
Assuming t h e  usual cosrr;ic abundance r a t i o s  f o r  0, C ,  and I4 (see Note 5 ) ,  t h e  

model o f  a cometary nucleus would have t o  contain,  i n  p r i n c i p l e ,  t h e  folloh’g 

cons t i t uen t s  : 

60 x l0l6 gm = 

20 x 10’“ grn = 

2C x lo”” molecules of HzO 

7 x lo”” mclecules o f  C H 4  

6 x gm = 2 x 10”” molecules of K H ~  

% x lo1” gn? = 1 x 10”” molecules (Fe, IQ, si, s e tc . ) .  

However, as soon as t h e  temperature is  not  t o o  high, f o r  e m . p l e  less  

tban l g 0 K  (see Note 6 ) ,  NE4 and CH3 a r e  bound t o  react with t h e  water t o  f o m  

hydrates (Delsemme and Swings, 1952); NH3 w i l l  have formed t h e  i o n i c  hydrate ,  

NH&H, while CHq w i l l  have formed t h e  nonionic hydrate of t h e  c l a t h r a t e  type, 

/10 

which - f o r  s i m p l i f i c a t i o n  - we w i l l  assume t o  be very close,  a t  low t e m p e r a -  

t u r e s ,  t o  t h e  formula CH4 * 6Ka0 ( see  Note 7) .  The f i r s t  compund t o  form is  

W & E  s i n c e  t h e  v a r i a t i o n  in f ree  e n e r a ,  produced by t h e  hydration of h“?, i s  

much g r e a t e r  t h a n  t h a t  of t h e  conversion of CP? i n t o  a hydrate;  i n  f a c t ,  t h e  

model contains t h e  cons t i t uen t s  compiled i n  Table I. 

11 



TABLE f 

CY4 excess 

CH4 hydrate 

IJHs hydrate 

Meteor i t ic  p a r t i c l e s  

12 x 13“ gm = 4 x 10“” molecules of  C K ~  

62 x 10’“ gm = 3 x Id” molecules of CH4-6H20  

12 x 

U+ x 10’”gm = 1 x 10”” molecules 

gm = 2 x 103” molecules of R ~ O H  

Obviously, only an ind ica t ive  value is t o  be at tached t o  these  numerical 

eva lua t ions .  

c i e n t l y  l a r g e  excess of nonhydrated C9, i s  by n3 means k p c s s i b l e  and is even 

q u i t e  probable. 

t h e  s t i l l  present  molecules, t h e  f a c t  t h a t  t h i s  C& excess has na t  been e v a p -  

r a t ed  s i n c e  long can be a t t r i b u t e d  t o  t h e  f i n d i n g  t h a t  t h e  nucleus has remined  

ex t rene ly  cold, a t  a t e n p e r a t w e  not more than  a f e w  t e n s  of  O K ,  which i s  not  

i n c o m F t i b l e  with present concepts (O~rt, 1950) c;n t h e  o r i g i n  o f  cornets. 

ever ,  Whipple (19%) has convincingly demonstrated t h a t  t he  center  of t h e  comet- 

ar;v nucleus i s  extremely well  insulated and t h a t  p r a c t i c a l l y  no heat ing t akes  /11 

place t h e r e  during i ts  passage through per ihe l ion .  

C u r  preliminary discussion m i n l y  i s  t o  demonstrate t h a t  a suffi- 

Considering that t h e  re thane  i s  by far t h e  Pos t  v o l a t i l e  o f  

HGW- 

This raises t h e  quest ion as t o  whether t h e  r a t t e r  rLght be s t r a t i f i e d  i n t o  

d i f f e r e n t i a t e d  loops i n  accodance  with t h e i r  depth in t h e  nucleus.  It is t r u e  

t h a t  g r a v i t y  is  weak here,  bu t  it is  not abso lu t e ly  zero (being of  t h e  order  of 

g ) .  The coarses t  p a r t i c l e s  o f  the n e t e o r i t i c  mtter ( represent ing  about 

15% of t h e  t o t a l  rrass) no doubt have produced a c e r t a i n  sedin-entation toward t h e  

center  of t he  nucleus, xhereas t h e  f i n e s t  d u s t s  rray F s s i b l y  have rerrained i n  

suspension within t h e  e x t e r i o r  snows. These dus ts  represent  a t  most 10% of t h e  

surface substance. 30 fa r  as t h e  i c e  o r  snow are concerned, t h e  s i t u a t i o n  must 

12 



TABLE XI 

DE?SITY OF FYDRAT??S (1) 

Wat e r 

CH4 hydrate 

Crys ta l l ized  water according 
t o  t h e  hydrate l a t t i c e ,  but  
s t r ipped  of CH4 

KHz hydrates : 

Extec t i c  h’&- 1.8 H20 

Eutec t i c  X H 3 *  0.74 H20 

Elhec t i c  W!. 0.a H20 

ru” 3 

CH4 

*fusion 

18L0 I! 

18s“ K 

1870 K 

1 9 9  K 

9 $ K  

( l i q u i d )  
d 

0.880 ( 3 )  

0.812 (3) 

0.711 (3) 

0.618 ( 3 )  

0.415 
0.16 ( 5 )  

d ( s o l i d )  

0.915 

0 -896 

0.92 

0.86 

0.80 

0.817 

0 .wc 

(1) Densi t ies  f o r  temperatures close t o  t h e  fus ion  p i n t ,  except if  
sr;ecifled d i f f e r e n t l y  (Ferry,  1950). 

(2) Does not e x i s t  

(3) A t  3 0 ° K  

(4) E x t r a p l a t e d  

(5) A t  1 9 0 ° K  
(6) unhown. 
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be  s tud ied  w i t h  extreme care  ( see  Table 11). 

has  a d e n s i t y  between C.8C and 0.92. 

d e n s i t y  of t h e  order  of O.&, so that it i s  not d i f f i c u l t  t o  imagine a sed i -  

Renta t ion  mechanism which would have entrained t h e  l a r g e s t  hydrate c r y s t a l s  

toward t h e  center  and would have l e f t  t h e  CH4 a t  t h e  sur face .  

t h e  hydrates  of C& from those  of NH3 i s  more d i f f i c u l t .  It is  ce r t a in  t h a t  t h e  

s i z e  of t h e  ind iv idua l  c r y s t a l s  cons t i t u t e s  t h e  dec i s ive  f a c t o r  f o r  t h i s  s e p r a -  

t i o n  within t h e  mow i n  question. 

s i n c e  they  had an oF,r_.ortunity t o  grow very s l o w l ~  - s e d h e n t a t i o n  w i l l  be 

f a c i l i t a t e d .  

considered model, that a surface layer  sf FUR riethane snow i s  present.  

Ice  of water o r  of hydrates always 

Conversely, i c e  of nonhydrated CI-& has a 

A separa t ion  of 

If t h e  c r y s t a l s  a r e  coarse - vhich is  probable 

'dithout t ak ing  a d e f i n i t e  s tand ,  we w i l l  assmle, fc r  t h e  above- 

1. NGdd w i t h  Nethane Excess /13 

During t h e  f irst  passage through per ihe l ion ,  a l a rge  amount of nonhydrated 

methane will sublime i n  t h e  surface layer .  NG matter whether o t h e r  substances 

were o r  were not present  i n  t h i s  layer ,  t h e  s u b X m t i o n  o f  rrethane i s  t h e  only 

e f f e c t i v e  lrechanisn whenever t h e  surface temperature i s  below WOK. 

corvection mechanism i n  l i q u i d  phase could have appeared a t  t h e  i n s t a n t  of 

f u s i o n  of t h e  methane, bu t  we will demonstrate that t h i s  i s  never t h e  case ( see  

I h t e  9) .  

A t  9G°K, 

It i s  now p s s i b l e  t o  apply eq. (5) t o  t h e  case of  nonhydrated methane. 

Table I11 gives seve ra l  numerical r e s u l t s  , calculated d i r e c t l y  from eq. (5)  by 

s e t t i n g  &, = 0.1 (see Note 3 ) .  

p i n t  t o  be s p e c i f i c a l l y  elrphasized - is t h a t  cooling of t h e  nucleus s w f a c e  by 

sub l ina t ion  of t h e  i c e  i s  p w t i c u l a r l p  in t ense  s ince  t h e  su r face  texpera ture ,  

a t  t h e  subsolar  p i n t ,  reaches only ?O°K a t  C . l  a.u. 

The rrain c h a r a c t e r i s t i c  of  t hese  results - a 

Once t h i s  telrperature i s  



. 

r 
in a.3~. 

determined, a ca l cu la t ion  of t h e  NH.3 FrDduction will become possible  y o v i d e d  

t h a t  W; 'aDH had been present  in the s w f a c e  l aye r .  

in Table 111, i s  m c h  too  weak for dis turb ing  t h e  terrperature calculated ex- 

c l u s i v e l y  f o r  CH4. 

T h i s  production, as ind ica ted  

rn 

A t  t he  Szb- 
sc,lar P c i r h  
( see  h'cte 11) 

TABLE I11 

Production 
of Caseous 
CH4 

w / s e c  

Product ion 
of Gaseous 

NI'l 
gm/sec 

10" 

10" 

io* 
4 x  lo' 

Density of 
tne Gases 
h'ezr t h e  
Nucleus 

-3 
C E  

2 . ~  x 1d4 

2.2 x io1" 

2.0 x lo= 

1.0 x lo1" 

1 
Xean Free 
Pa th  Rear 

the  
Nucleus 

CIIi 

0.76 

0.08 

0.01 

2 x 

Tne production o f  gaseous C& , shown i n  Column 3 of t h e  Table,  a s  well  a s  /1L 
that of NH3 given i n  Column 4, were obtained by i n t e g r a t i o n  over  t h e  i l luminated 

herrLsphere of t h e  nucleus. Column 5 descr ibes  t h e  dens i ty  of  t h e  gas close to 

t h e  nucleus,  which cons i s t s  alrnost exclusively of methane. The last column 

gives t h e  mean f r e e  paths i n  t h e  coma near  t h e  nucleus. 

We then  summarily in t eg ra t ed  t h e  production of gaseous (2% along t h r e e  

F r a b o l i c  t r a > e c t o r i e s ,  having per ihel ion d i s t ances  of 4.8, 1.5, and 0.5 a.u. 

Table I V  gives  t h e  number of perihelion 9 s s a g e s  of  t h i s  ty-, l i k e l y  t o  cause 

t h e  t o t a l  l o s s  of nonhjdrated rethane,  always provided that t h i s  i s  Fossible a t  

a l l .  

The conclusion is  obvious: The comets having an  excess of nonhydrated 
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methane, i f  they exist a t  all, must b v e  s p e c i a l  c h a r a c t e r i s t i c s  which a r e  l o s t  

Per ihel ion Distance 

L.8 a.u. 

1.5 a.u. 

c.5 a.u. 

on t h e i r  first passage through t h e  perihelion. 

Number of Necessary 
Perihel ion Passages 

L .o 

2.5 

c.5 

T X 3 B  I V  

TOTAL LOSS OF KONhTDRATED NEXHANE 

The node1 with a n  excess of methane thus  descr ibes  a Wnew" comet whose 

The su r face  temperature would always remain extremely low and vary l i t t l e .  

corn of t h i s  c o m e t  would be exclusively composed of methane and, consequently, 

could be detected only by i t s  p s s i b l e  e n t r a i m e n t  of meteoric dus t s .  It might 

w e l l  be t h a t  ou r  model can be correlated with t h e  f a c t  that 'ked' comets mainly 

show t h e  diffused s o l a r  spectrum while "oldw comets show kighQ7 develoFed gas 

s p c t r a  ( O C ~  and Schmidt, 1951). 

numerically defended, we -will consider t h e  case of t h e  krend-bland comet of 

which homogeneous Fhotometric observations are i n  ex i s t ence  (Beyer, 1959). 

Using t h i s  photometry i n  applying t h e  concepts of Dcbmvols 'q (1953) and of 

lkrkovich (1958 and 1959), Sekanina (1962) ca l cu la t ed  a mean l a t e n t  hea t  of  

e v a p r a t i o n  of L = 54CC f 160 cal/mole, assuming a surface temperature of t h e  

nucleus of 

t h e  s a t u r a t e d  vapr Fressure of  t h e  gas during e v a p r a t i o n  D = AT'. 

a d i f f i c u l t y  inherent  t o  t h e s e  r e s u l t s ,  s i n c e  t h e  only gas which, according t o  

this author ,  has a value of 6 close ta 14.3 i s  C& ( 3  = 13.i), which has a 

To chzck whether t h i s  i n t e r y e t a t i o n  can be 

,& 

= 168 K a t  1 a .u. and an e x p n e n t  of 3 = 14.3 i n  t h e  formula f o r  

There is  
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l a t e n t  hea t  of evaporation c lose  t o  2~100 cal /nole  a t  a ten;perature o f  I ~ O ' K ,  

i.e., almost t h r e e  times l e s s  than t h e  hea t  determined by him. 

If t h e  ca lcu la t ions  of t h i s  au thor  were r e p a t e d  with t h e  excess re thane  

model, it would be found that t h e  photometric c w e  of t h e  Arend-Roland comet 

m u s t  be a s soc ia t ed  with a temperature of To = 5T K a t  1 a.u., which would y i e l d  

a mean l a t e n t  heat  of L = 2000 cal /mole,  a value which agrees much b e t t e r  with 

pure CH+ than  with any o t h e r  substance. I n  p a r t i c u l a r ,  water seems completely 

excluded fron t h e  v a p r i z a t i o n  process observed i n  t h e  Arend-Toland con;,et ( see  

Table V). 

L cal/mole, 
co rre s p n d i n  g 
t o  To 

TASIE V 

CONPARISON OF THE HEATS OF VAPORIZATION 

6800 2600 2mo* 

I HzO 1 CH4 1 Arend-Roland 
Comet 

-E The photometric curve used here corresponds t o  a 
he l iocen t r i c  d i s tance  ranging from 0.5 t o  4 a.u. 

Because of  t h e  observat ion e r rors ,  t h e  g r e a t  s impl i f i ca t ion  introduced, /16 
and t h e  f a c t  that a mean value was assumed for L, no b e t t e r  coincidence than  a 

constant f o r  ? can be expected here (see Note 1). 

This  seem t o  k d i c a t e  t h a t  t h e  Arend-Roland comet i s  a t y p i c a l  example 

f o r  a cornet having a sur face  l a y e r  of methane snow, ccvering o t h e r  hydrate 

snows. 

2. Nodel without Methane Excess 

We would l i k e  t o  i n v e s t i g a t e  now w h a t  happens when a n  comet, o r  a 
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comet t h a t  never had p s s e s s e d  a n  excess of  nonhydrated Rethane, approaches t h e  

SUn. 

The low dens i ty  of t h e  Eethane snow p a r t i c l e s  previously induced research- 

e r s  t o  use  a model i n  which t h e  surface l a y e r  cou ld  be pure methane. 

TABLE VI 

KODEL WITHOUT ="E EXCESS 

CH4 hydrate 

N& hydrate 

Meteori t ic  p a r t i c l e s  

62 x 10'" gm = 3 x 19"" molecules of 

12 x IO'" gm = 2 x lo"" molecules of 
CH4.6 Ha0 

Fe, S i ,  e t c . )  

Conversely, t he  g r e a t e r  dens i t i e s  and t h e  r a t h e r  c lose va lues  of  these  

d e n s i t i e s  of t h e  snow particles, formed by t h e  hydrates and t h e  water i c e ,  seem 

t o  i n d i c a t e  t h a t  a homogeneous s t ruc tu re  might be i n  quest ion f o r  t h e  present  

m d e l .  I n  t h i s  case, a quasi-steady s t a t e  r i g h t  be rap id ly  a t t a i n e d ,  sc far  as 

t h e  r a t i o  o f  t he  e n y o r a t i o n  r a t e s  i s  concerned (see Ncte 12).  

mechanism of e s t ab l i sh ing  equilibriun; m u s t  f i r s t  be descr ibed,  a mechanism which 

had a l r eady  been b r i e f l y  mentioned by Whipple (195G). 

For t h i s ,  t h e  /17 

The substance A ,  which e v a p r a t e s  mst, e s t ab l i shes  t h e  sur face  t e m p e r a -  

However, because of i t s  evaporation, t h e  t u r e  TA by i t s  r a t e  of evaporation. 

sur face  concentration of  t h i s  substance decreases  progressively.  Thus, i n  

depth,  a concentration gradien t  of A is formed along t h e  temperature grad ien t ;  

t h e  r e s u l t  i s  t h e  same as if t h i s  substance had disappeared up t o  a c e r t a i n  

colder  isothem. T i  < Tr, , while r emin ing  a t  i t s  former concentrat ion a t  g r e a t e r  

depths 

S imi la r ly ,  t h e  pressure increases  slowly t h e  more one penet ra tes  i n t o  t h e  

18 



su r face ;  a t  each depth, d-c equilibrium exists between t h e  hydrate c r y s t a l s  

more o r  l e s s  loaded with CH4 and NHs and t h e  gaseous Ck and I:&, a t  a pressure 

tht increases continuously although it does remain below t h e  d i s s o c i a t i o n  

pressure a t  t h e  temperature of t h e  depth under considerat ion,  s ince  t h e  d i s -  

s o c i a t i o n  s tops  exac t ly  as soon as t h i s  pressure  i s  reached. The v a r i a t i o n  in 

pressure with depth i s  defined by t h e  pressure drop produced by t h e  m l e c u l a r  

f low of vaporized gases through t h e  c a p i l l a r i e s  leading t o  t h e  surface.  

balancing t h e  d i s soc ia t ion  pressures  considered here,  a pressure of only a f e w  

microns of  rr.ercwy is  requi red ;  it i s  knawn i n  labora tory  p rac t i ce  t h a t  t h e  

length  of tubing required f o r  producing such a pressure drop i s  not excessive 

(see Note 13) 

For 

However, everything passes as though t h e  phenomenon were l imi t ed  t o  t h e  

The temperature Ti would def ine  t h e  new rate of evaporation of  isotherm Ti 

t h e  substance,  with t h e  r e m i n d e r  being furnished by a n  inc rease  i n  evaporation 

r a t e  of t h e  substance B, which exhib i t s  su r f ace  heat ing up t o  a temperature Ta. 

A t  equilibriurr,  s ince  we assume here t h a t  t h e  phenomena are s t a t i o n a r y ,  

t he  isotherm Ti w i l l  s t o p  a t  a depth f o r  which t h e  evaporation rates a r e  a t  a 

mutual r a t i o  of r e l a t l v e  concentrations,  where t h e  depth depends exc lus ive ly  on 

t h e  conduct ivi ty  of t h e  su r face  layers .  This conduct ivi ty ,  however, w i l l  no t  be 

the  conduct ivi ty  by pure r a d i a t i o n  as considered by Whipple f o r  deeper l aye r s .  

Rather, t h e  conductivity here  is  rnodified by t h e  heat t ransfer  produced by 

t h e  (weak) gaseous flux of t h e  evaporations. 

i s  involved s ince  t h e  nean f r e e  paths of  t h e  e v a p r a t e d  molecules a r e  of t h e  

order  of 1 m near 3 a.u. and o f  t h e  order of  1 drn near  1 a.u., while they  a r e  

of t h e  o rde r  of 1 cm near 0.5 a.u. (see Table VIII); t h e  su r face  snow i s  visu- 

a l i z e d  as being composed of fine c rys t a l s  i n t e r l i nked  by i c e  needles  whose pores 

/18 
On t h e  sur face ,  a molecular f l o w  
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are no doubt of t h e  order  of 1 m. 

CH4 hydrate  and then  K H 3  u n t i l  f i n a l l y  t h e  c o n p s i t i o n  i s  exc lus ive ly  water 

snow. 

l i z e ,  a f t e r  a c e r t a i n  t i n e ,  a t  a de f in i t e  depth;  i n  t h e  same manner, t he  iso-  

therm where t h e  CHI hydrate undergoes d i s s o c i a t i o n  w i l l  stabilize, again after 

a c e r t a i n  time, a t  a g r e a t e r  depth. 

rrainly on t h e  c a l o r i f i c  conduct ivi ty  and thus  cannot be better defined, 

a n a l y s i s  by Whipple (1950) penzi ts  only t h e  s t a t enen t  that t h e s e  depths are 

&or. 

reca lcu la ted  by means of eq.(5), taking i n t o  considerat ion t h e  f a c t  t h a t ,  as 

soon as t h e  steady state i s  reached, the  supplementary condi t ion t h a t  t h e  pro- 

duct ions are p r o p r t i o n a l  t o  t h e  concentrations w i l l  be s a t i s f i e d .  

The two  rrajor consti tuer?ts,  a t  c resent ,  a r e  

The isotherm where t h e  NH3 hydrate i s  undergoing d i s s o c i a t i o n  w i l l  s t a b i -  

The depth of t h e  var ious isotherms depends 

The 

Conversely, t he  temperatures and production of gsseous molecules car be 

Since no AS and AH Tables exist for t h e  C& hydrate,  we used t h e  approxi- 

m t i o n  ( 6 )  of t h e  equation of t h e  energy balance; t h e  e x p e r i i e n t a l  values  on 

vapor tens ions  (see Notes 1L. and 1 5 ) ,  obtained by $?iller (i961) were used f o r  

ca l cu la t ing  t h e  nean value of t h e  heat of d i s soc ia t ion  of t h e  hydrate.  

An in t eg ra t ion  of t h e  production on t h e  i l luminated sur face  of t he  nucleus 

r e s u l t s  i n  Table V I 1  which i s  compiled f o r  a s e r i e s  of solar dis tances  ranging 

f r o m  7 a.u. t o  0.015 a.u. For convenience of ca l cu la t ion ,  To was adopted as an 

independent var iab le ,  and t h e  Tables were ca lcu la ted  from 18 t o  18 . Here, TN 

and Tc w e r e  calculated a p o s t e r i o r i ,  in accordance w i t h  t h e  production of  N H s  

and CH4 determined by t h e  steady state. It i s  of i n t e r e s t  t o  note  that t h e  

sur face  temprature i s  determined exclusively by Stefan 's  l a w  f o r  d i s tances  

g r e a t e r  than  6 a.u. and exc lus ive ly  by rates of evaporation a t  d is tances  smaller 

than  C.5 a.u.; t h e  d i s t ances  f r o m  6 t o  0.5 a.u. a r e  exac t ly  t h e  most i n t e r e s t i n g  

s i n c e  they  cons t i t u t e  a t r a n s i t i o n  region where t h e  two terms exchange t h e i r  /19 
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o r d e r  of ragnitude. 

TABLE VI1 

COXEX WITHOUT' F E T " E  EXCESS 
SUBLIMATION OF CH4 AND NH3 HYDRATES 

r 

a .u. 

6.93 
6.18 
5.10 
3 -70 
2.18 
1.13 
0.605 
0.305 
0 179 
0.114 
0.066 
G .@41 
G .026 
0.021 
0.015 

TO 

O K  

1500 

17cp 
180° 
le 
2oO0 
210° 
220" 

240° 
250" 

280° 
290" 

1 6 8  

230" 

2 6 8  
270" 

F'roduction 
of Gaseous 
H20 

m/sec 

5.1 x Id 
5.7 x 10" 
4.8 x id 
3.7 x 10" 
1.8 x 10' 
9.0 x 10' 
3.5 x 10" 
1.4 x 10: 
4.1 x io 
1.0 x lo1" 
3.2 x Id" 
8.0 x 10'" 
1.9 x 10" 
3.8 x 10:: 
6.8 x 10 

F'roduct i o n  
o f  Gaseous 
"3 

d s e c  

4.8 x lo" 
5.4 x io3 
4.5 x 10" 
3.5 x 18 

3.3 x 10' 

3.9 x lo8 
9.5 x 10" 
3.0 x 10' 
7.5 x lo" 

1.7 x 10" 
8.5 x 10" 

1.3 x 10' 

1.8 x 1C'O 
3.6 x Id" 
6.4 x Id" 

Tc 

O K  

Product i o n  
of Gaseous 

CHq 
gm/sec 

6.9 x 10" 

6.5 x 10 

2.4 x 10" 

1.9 x 10" 

7.6 x io3 
5.0 x I@ 

1.2 x io7 
4.7 x io7 
5.5 x 10" 
1.3 x 10" 
4.3 x lo" 
1.1 x 10'" 
2.5 x io'" 
5.1 x 10:; 
9.1 x 10 

4 

TD surface temperature, a t  t h e  subsolar  pint, of t h e  water 
snow during sublimation. 

TN t eqera ture ,  below t h e  subsolar  p i n t ,  a t  t h e  depth of t h e  
isotherm where t h e  M H 3  hydrate undergoes d i s s o c i a t i o n .  

Tc temperature, below t h e  sEbsolar  pint, a t  t h e  depth of t h e  
isothem. where t h e  CI& h y d r a t e  undergoes d i s s o c i a t i o n .  

It should be mentioned here that t h e  water snow on t h e  surface w i l l  

l i q u i f y  only  a t  t h e  very s h o r t  dis tance o f  0.025 a.u. from t h e  sun and that 

a m n i a  hydrate isotherm reaches t h e  fus ion  p in t s  of t h e  e u t e c t i c s  (189K, 

/x, 

t h e  

16?K, 184'K) only a t  a still s h o r t e r  d i s t a n c e  ( see  Kote 16) of C.CU, a.u. from 

t h e  sun, whereas t h e  CH4 hydrate can never reach t h i s  pint. 

The hypothesis that t h e  water snows and t h e  hydrate snows reroain d r y  snows 
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af ter  several passages through t h e  per ihel ion is thus confi,med, excegt f o r  

very rare comets. 

albedo of t h e  nucleus which could decrease abrupt ly  i f  t h e  l i q u i d s  would "wet" 

t h e  su r face  snows. 

This statement i s  s p e c i f i c a l l y  h p r t a n t  with respec t  t o  t h e  

Because of t h e  e lds tence  of a quasi-steady state i n  t h e  sublimations,  it 

i s  obvious t h a t  t h e  composition of the gas  emitted by t h e  nucleus will remain 

approximately constant,  no matter w h a t  t h e  sur face  temperature (or t h e  s o l a r  

d i s t a n c e )  might be,  corresponding t o  

80% H Z 0  12% e34 

The abundance r a t i o  HzO/NHs only r e f l e c t s  t h e  cosmic abundance r a t i o s  as- 

sumed between 0 and N, whereas t h e  r a t i o  H&/C& i s  f ixed  by t h e  presence of 

methane hydrate,  with t h e  possible  excess methane having escaped a t  a previous 

s t age  . 
On t h e  o t h e r  hand, t h e  production o f  gaseom molecules i s  given by eq.(3) 

5l.3 1 
i n  t h e  f o m  of a flux of p a r t i c l e s  whose mean ve loc i ty  Tl = (7) i s  known 

and from which one can thus  immediately der ive  t h e  nunber nl of molecules i 

per cm . I n  f a c t ,  under t h e  considered conditions of molecular flow, t h e  ve- 

l o c i t y  of f low i n  a d e f i n i t e  d i r ec t ion  is given by t h e  m a n  ve loc i ty  of t h e  

molecules, divided by f l  (see hiote 17). 

3 

It has been assumed t h a t  t h e  CH4 and N f t  molecules, o r i g i n a t i n g  from much 

colder  isotherms present i n  depth, a r e  heated by c o l l i s i o n  t o  t h e  sur face  t e m -  

perature ,  on t r ave r s ing  t h e  pres of  the sur face  snow. T h i s  m k e s  it poss ib le  

t o  ca l cu la t e  t h e  t o t a l  number of rcolecules per cm" i n  t h e  gaseous phase, a t  t h e  

sur face  of t h e  nucleus. This number of m l e c u l e s  is  given i r t  Column 2 of /21 
Table VIII. 

and CH4 molecules of i d e n t i c a l  molecular diameter. 

Column 3 gives t h e  rrean f r e e  path on t h e  nucleus surface, f o r  HzO 

(The mean f r e e  p a t h  of NH3 
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i s  1.18 tines grea te r . )  

corn, we a r b i t r a r i l y  l u t e d  its radius R t o  t h e  p i n t  a t  which t h e  mean f r e e  

path of  t h e  water molecules 

equal t o  - 
values  4,  o r  R might have, which permits a d i r e c t  comparison w i t h  t h e  observed 

dimensions. 

To give a general idea on t h e  dimensions o f  t h e  e n t i r e  

calculated a t  t h e  sur face  t enpe ra tme ,  becomes 

This is a p i n t  w i t h  a constant o p t i c a l  dens i ty ,  no raatter what loo 

Fina l ly ,  Column 4 gives t h e  r a d i u s  of t h e  c e n t r a l  por t ion  of t h e  coma where 

t h e  nean f r e e  paths a r e  s u f f i c i e n t l y  small f o r  a l lowing t h e  chemical r eac t ions  

in t h e  gaseous phase t o  reach equilibriur;.. 

f o r  which t h e  nean f r e e  path becomes equal t o  4. IL; i n  t h e  terrestr ia l  atmosphere, 

mean free paths of t h i s  order  are reached near  140 km, which i s  t h e  a l t i t u d e  

that c l e a r l y  sepa ra t e s  t h e  low ionosphere (D and E l a y e r s )  from the  high iono- 

sphere (F1 and F2 layers). 

adopted here. 

T h i s  has been d e f h e d  as t h e  radius  

This empir ical ly  justif ies t h e  a r b i t r a r y  d e f i n i t i o n  

Obviously, t h e  "chemical" coma i s  abrupt ly  generated n e a r  4.a.u. The corn 

extends t o  a height  o f  5 km above t h e  sur face  of t h e  nucleus a t  3.70 a.u.  and 

of 60 

only  are cherriical reac t ions  p s s i b l e  i n  t h i s  coma but t h e  c o l l i s i o n s  a r e  a l s o  

s u f f i c i e n t l y  numerous t o  ensure a n  equ ipa r t i t i on  of energy, s o  that thermody- 

namical equi l ibr ium is es tab l i shed .  

a t  appro;dmately 1 a.u. ,  while t he  height  i s  250 lan near  0.3 a.u. Nct 

Conversely, t h e  "middle" coma represents  a region i n  which thermodynamic 

equi l ibr ium is  less and less l i k e l y  t o  occur t h e  more one goes away from t h e  

nucleus:  but t h e  c o l l i s i o n s  s t i l l  r e m i n  s u f f i c i e n t l y  numerous f o r  having a 

c e r t a i n  number of b h o l e c u l a r  ind iv idua l  processes remain e f f e c t i v e  f o r  t h e  

formation of new Eoiecules.  

However, it should be r eca l l ed  t h a t  only a f i c t i v e  d i s t r i b u t i o n  of  parent  
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mol.ecules i s  involved here,  i n  t h e  absence of aqy heating, ex i t a t i o n ,  dis-  /23 
s o c i a t i o n ,  o r  i on iza t ion  produced by the  l i g h t  o r  by s o l a r  particles. 

r 

a .u. 

0 .F3 
5.18 
5.10 
3 -70 
2.18 
1.13 
0.605 
0.305 
0,179 
0.114 
0.C66 
0 . 0L1 
0.026 
0 .G2i 
C.C1 j 

TABIE VI11 

COMET 'VIITHOVT HETHANE EXCESS 
BUILD-UP OF TEE COW BY b o ,  Cb, AND N& 

Density 
N e a r  t h e  
Nucle3us 
n/ cm 

Mean Free 
Path 

4, cm 

4 7.1 x 10- 
6.6 x lo" 
8.0 x 10" 
1.1 x lo" 
2.3 x 10 

4-7 
1.2 

3.3 x 10-I 
1.1 x 10-1 
4.4 x lo-" 
1.5 x 
6.2 x io-" 
2.6 x IO-" 
1.3 x io-" 
7.7 x 

Nean Height 
of t h e  

corn (1) 
9 h  

(2) 
5 

1.1 x 13 
9.0 x 10" 
4.3 x 1s" 
2.1 x lo4 
8.2 x 10" 

2.2 x lo" 

1.6 x io7 
3.8 x io7 
7.7 x io7 
1.1 x lo8 

2.9 x la" 
9.1 x lo" 

6.8 x lo" 

Chemical 
Height 
o f  t h e  
Coma (3) 
H c h  

Optical  
Thickness 

cm biz0 vap. 
T.P.E. 

" .I- : o - ~  
7.7 x ; o - ~  
6.3 x io-" 
4.7 x 
2.1 x io-I 
1 -4 
5.3 

1.9 x 10 
5.9 x 10 
1.5 x 10" 
L.5 x lo" 
1.0 x lo" 
2.6 x lo" 
5.6 x lo" 
8.G x lo" 

The height H i s  t h e  radius  o f  t h e  coma R,  less t h e  r ad ius  of t h e  
nucleus &,. 

(1) The r ad ius  R. of t h e  mean coma i s  arbi t rar i ly  l i n i t e d  t o  t h e  
s i te  where t h e  mean free path of t h e  molecules becomes 
equal t o  0.01 R. 

(2) The r ad ius  R, i s  smaller t k a n  t h e  nucleus; t h e  coma does not  
yet exist. 

(3) Rch is  defined as t h e  radius of t h e  volume within which t h e  
mean f ree  path is less than 4 n;. 

/22 

(L) The radius  is suiml;er t k i n  t h e  nucleus;  t h e  %hemical" 
corn does not  yet exist. 



3 .  The Coma i n  t h e  Solar Field 

Finally, we m u l d  l i k e  t o  discuss  a - o d e 1  based on t h e  i n t e r a c t i o n  of t h e  

solar u l t r a v i o l e t  and solar p a r t i c l e s  with t h e  coma of parent molecules obtained 

by evaporation of t h e  cometary nucleus model, s tud ied  above. 

It is obvious t h a t  a final picture  of t h e  coma can be obtained only by a 

ca re fu l  considerat ion of  a l l  p o s s i b i l i t i e s  of i nd iv idua l  c o l l i s i o n s  between 

m l e c u l e s ,  i cns ,  and r ad ica l s  formed by t h e  e x c i t a t i o n s ,  i on iza t ions ,  and d is -  

soc i a t ions  a t t r i b u t a b l e  t o  t h e  u l t r a v i o l e t  o r  t o  t h e  s o l a r  p a r t i c l e s .  

ca l ly ,  t h i s  r'ethod i s  t h e  on ly  one t h a t  r i g h t  lead  t o  a s i g n i f i c a n t  r e s u l t  i n  

t h e  regions a t  t h e  middle and e x t e r i o r  of  t h e  coma, where t h e  d i l u t i o n  of t h e  

p a r t i c l e s  i s  s u f f i c i e n t  f o r  making an  approach t o  themdynamic  equi l ibr ium im- 

possible ,  as i s  c l ea r ly  evidenced by the  f i c t i v e  temperatures observed f o r  (& 

o r  by t h e  i n t e n s i t y  r a t i o s  of  t h e  green and red lines of [Ol]. 

Speci f i -  

However, we have j u s t  shown that a l s o  an i n t e r i o r  region e x i s t s ,  kncj~n as 

t h e  "cherical t t  coma where themod-c equi l ibr ium i s  reached. 

2upl icated by an undefined Sut  r a t h e r  l a rge  reg ion  where t h e  thermodynamic 

e q u i l i b r i a ,  al though not f u l l y  es tab l i shed ,  give a good ind ica t ion  of t h e  chemi- 

c a l  reac t ions  tak ing  place, s ince  t h e  molecular c o l l i s i o n s  a r e  s t i l l  qu i t e  high 

there .  

ture  d i s t r i b u t i o n  within t h e  coma. 

T h i s  region i s  

To ca l cu la t e  t hese  e q u i l i b r i a ,  one m u s t  have some idea  on t h e  tempera- 

To ob ta in  such i n f o r m t i o n ,  w e  w i l l  consider  t h e  o v e r a l l  hea t ing  of  t h e  

coma by t h e  s o l a r  l i g h t .  

The last  column i n  Table VI11 expresses t h e  o p t i c a l  thickness  of t h e  fa 
cometary atmosphere, given i n  atrr/cm water. This column results from an  in t e -  

g ra t ion  of  t h e  concentrations calculated from t h e  nucleus sur face  t o  i n f i n i t y .  



Table I X  gives t h e  absorption, a t  1 a.u., of t h e  u l t r a v i o l e t  r ad ia t ion  o f  

t h e  sun a t  seve ra l  thicknesses  of  water v a p r ,  e q r e s s e d  i n  atm/cm (o? t i ca l  

th ickness  of 1 cm a t  normal temperature and ?ressure).  

The i n t e r v a l  from 700 t o  1900 H has been used here  s i n c e  it corresponds t o  

I 

t h e  n o s t  i n t ense  absorpt ion bands of water. 

TABU I X  

AESORPTION OF THE ULTRAVIOLET ELADUTICX OF THE SLlN BY WATER 
VAPOR3 AT A DISTANCE OF 1 a.u. FROE TEE SUN, IN 

erg/cm /sec FOR EACE SPECTRUI.5 IhTERVAL C(24SIDERED 

S o l a r  4, 

Absorption of 
10 P HZ0 

Residual  I1 

Absorption of 
100 /Jd H*0 

Residual  b 

Absorption of 
1 m H2O 

Residual  I3 

From 70Oe 
t o  1000 A 

1 .o 

-0 97 

0 03 

-0 03 

0 

- 

0 

From 1000 
t o  1300 A 

1 *4 

-0.1 

1.3 

-0.9 

0 *4 

-0 04 
0 

From 1309 
t o  1600 A 

5 -4 

-0 .G 

5 =4 

4 . 3  

K -  ,.I 

Fron: 1600 
t o  1900 4- 

85.0 

-0.5 

84.5 

-L.3 

80.2 

Tctal from 
700 

t o  1900 A 

92.8 

-1.3 

91.5 

-5.8 

85.7 

-24.8 

60.9 

The s p e c t r a l  d i s t r i b u t i o n  of t h e  s o l a r  u l t r a v i o l e t  i n t e n s i t i e s  was taken /25 

from recent  da ta  given by Hinteregger (19611, Hinteregger e t  a l .  ( l962) ,  

Bourdeau e t  a l .  (1964), while t h e  absorption coe f f i c i en t s  of t h e  water vapor 

are those  given by Allen (1955). 

From these  da t a ,  it i s  p s s i b l e  (for example) t o  c a l c u l a t e  t h e  height  a t  

which a c e r t a i n  temperature i s  reached i n  t h e  coma, f o r  var ious  d is tances  from 
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t h e  sun. 

based on a teqerature  of i500'K a t  which t h e  water mlecvile does no t  yet r ad i -  

Table X gives some results 3btained by a s b p l e  graphic i n t e g r a t i c n ,  

r i n  a.u. 

ate not iceably.  

Height of the 
Isotherm 
1500' K 

TABU?, X 

HEIGHT IN THE COMA AT WHICH A TEKPEFUTURE OF 15OOoK IS RFACHED 
BY SIMFU3 HEATING OF THE WATER VAPOR Bp THE S O U R  ULTRAVItJLFT 

Chemical 
corn 

&?Addle 
c o n  

3.7c 

2.18 

1.13 

C.605 

5,3cc la?. 

1,700 kn; 

940 km 
I 

I I 

It i s  obvious that t h e  temperature of 1500°K, al though it does remain out- 

s i d e  of t h e  chemical corn proper UF t o  0.6 a.u., pene t r a t e s  i n t o  t h e  r i d d l e  

c o m  nea r  3 a.u., wi th  t h i s  %iddle" coma being def ined as t h e  region i n  which 

t h e  c o l l i s i o n s  are s t i l l  s u f f i c i e n t i g  numerous t o  zroduce bimolecular r eac t ions .  

However, a heat ing of t h e  gas connosed of EO$ b0, 12% CH4, and NHs /26 
w i l l  lead t o  a progressive dehydrogenation o f  t h e  cons t i t uen t s ,  i n  accordance 

wi th  t h e  following react ions:  

H20 + 

H20 + 

'L"3 + 

2 N33 

2 CH/$ 
3 c'I4 

C2H2 + 

-. 

4 

cH4 
co 

4 

4 

cHL 

2 NH3 4 
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-- 

S t i l l  o t h e r  r eac t ions  are possible, bu t  t h e y  were not l i s t e d  here  s i n c e  

they do no t  g r e a t l y  m d i f y  t h e  r e s u l t s .  

(6) are s p b o l i c a i  f o r  a l l  dehydmgenation r e a c t i o n s  o f  CI;, t h a t  range from 

In  p a r t i c u l a r ,  t h e  r eac t ions  ( 5 )  and 

ethylene t o  carbon black. 

TABLE XI 

PYROLYSIS OF THE XIX!I'URE (3' 80% HzO, 12% CK,, fin 8% N H 3  

Equilibrium near  1 f ; o C p K  Radicals Observed i n  t h e  Comets 

CH [ G I 1  OH+ 

CH CH+ 

r 
u2 

9 See Mote (18) 

It is useful t o  state: 

1) that each molecule l i s t e d  (except H,) is  suscep t ib l e  of being 
a parent molecule of a radical observed i n  t h e  comas o r  i n  
t h e  t a i l s ;  

/27 

2)  t h a t ,  r ec ip roca l ly ,  no supplementary parent molecule seems 
necessary f o r  explaining a r ad ica l  observed i n  t h e  comas 3r 
i n  t h e  ta i ls .  
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Since  we know d e f i n i t e l y  t h a t  equilibrium w i l l  not  be reached, we =de no 

e f f o r t  t o  deterrLne it w i t h  g rea t  accuracy. Nevertheless,  i n  f i r s t  appro&- 

t i o n ,  a t  a n  equilibrium near  1%O0K, the o rde r s  of mgn i tude  shown i n  Table X I  

are obtained.  

It is  understood t h a t  t h e  temperature of 15U0°K has been adopted as a 

purely i n d i c a t i v e  value, t h a t  t h e  l i s t e d  r eac t ions  are a l ready  e f f e c t i v e  a t  

lower temperatures, and that  t h e  increase i n  temperature Eerely d i sp laces  the  

e q u i l i b r i a  toward t h e  f o m t i o n  of grea te r  q u a n t i t i e s  of new molecules. 

L-. Inf luence of F a r a e t e r s  on t h e  Nodel 

Another p i n t  t o  be discussed i s  t h e  inf luence ,  on the  r e s u l t s ,  of any 

v a r i a t i o n  i n  t h e  numerical pm-e te r s  adopted a t  t h e  beginning, s p e c i f i c a l l y  

t h e  albedos and t h e  rad ius  of t h e  nucleus. 

4 a.u. from t h e  sun, t h e  numerical value of AI has p r a c t i c a l l y  no inf luence  on 

t h e  results. Conversely, f o r  these  d is tances ,  t h e  Froduction of  gas is  almost 

proport ional  t o  l - &,, such that, if  i s  s u f f i c i e n t l y  e leva ted ,  t h e  produc- 

t i o n s  ca lcu la ted  f o r  4 = 0.1 might be too  high by a f a c t o r  of 2 o r  even more. 

If t h e  rad ius  R of t h e  nucleus i s  d i f f e r e n t ,  s ince  t h e  theory  of evasra- 

For d i s t ances  of less than 3 o r  

t i o n  implies  constant production r a t e s  a t  a given temperature per  u n i t  sur face ,  

it is  obvious t h a t  t h e  t o t a l  production w i l l  be propor t iona l  t o  R?. 

t h e  concentrat ions and t h e  mean free paths near t h e  nucleus are independent of 

t h e  rad ius  R and only t h e  height s c a l e  of t h e  concentrat ions is propor t iona l  t o  

t h i s  rad ius .  For a given rad ius ,  t h e  presence of pores does not  change t h e  

e f f i c i e n t  sur face  of e v a v r a t i o n ,  s i n c e  these  p r e s  a r e  f i l l e d  with a gas t h a t  

escapes by m l e c u i a r  flow, thus  blocking an evaporation i n  depth.  Only excep- 

t i o n a l l y  l a r g e  i r r e g u l a r i t i e s  i n  the  mean free path ( seve ra l  meters a t  least) 

However, 
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might rcodify t h e  e f f i c i e n t  surface of e v a p r a t i o n  f o r  a given r ad ius ;  however, 

i n  t h a t  case irregular foms of t h e  nucle-m r a r i d l y  are e s t ab l i shed ,  f G r  which 

it w i l l  always be possible  t o  de f ine  an e f f ec t ive  r a d i u s  corresponding t o  t h e  

effective su r face  of e v a p r a t i o n .  

Finally, s i n c e  a rapid r o t a t i o n  produces l i t t l e  change in t h e  surface tem-  

perature d i s t r i b u t i o n ,  it wi l l  hardly change t h e  r a d i a t i o n  according t o  Stefan 's  

l a w  and t h u s  a l s o  will leave t h e  o v e r a l l  Traduction of t h e  nucleus relatively 

untouched. 

c ~TcLusIoNs /2'j 

A theory of vaporizat ion,  allowing f o r  v a r i a t i o n s  of t h e  l a t e n t  heat  of  

e v a p r a t i o n  with t h e  temperature, has been appl ied t o  a cometary nucleus model, 

s e l e c t e d  by making t h e  s implest  possible h y p t h e s i s  as t o  i t s  o r i g i n  and con- 

s t i t u t i o n .  The p r i n c i p a l  c h a r a c t e r i s t i c  of t h i s  model is  t h e  g r e a t  abundance 

of water molecules, whose presence has been confirmed i n  another  paper of t h e  

author ,  based on q u a n t i t a t i v e  considerations der ived f 1'001 observat ions of t h e  

OH r a d i c a l  i n  t h e  corns (Delsem-e, 1965). 

The presence of snow o r  water i c e  i n p l i e s  t h e  exis tence of hydrates of 

c e r t a i n  of t h e  gases present ,  p a r t i c u l a r l y  C& and NH3. 

If t h e  m l e c u l e  C h  i s  present i n  i t s  cosmic abundance, a c e r t a i n  excess 

of free methane w i l l  exist i n  addi t ion t o  t h e  nethane hydrate.  

methane might explain t h e  p a r t i c u l a r  behavior of ''newn comets, as a l s o  confirmed 

by t h e  hea t  of v a w r i z a t i o n ,  calculated from a photometric curve of t h e  Arend- 

Roland comet. 

This free 

A s  soon as t h e  f r e e  re thane has disappeared, t h e  ex i s t ence  of methane 

hydrate con t ro l s  t h e  abundance r a t i o  o f  nethane t o  water. Only a n  abundance o f  
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=ethane much lower than t h e  assumed cosmic abundance of carbon could possibly 

change t h i s  result .  

nucleus, was calculated within t h e  corn as a func t ion  of t h e  h e l i o c e n t r i c  d i s -  

tance.  

f o r  water vapor, s o  that t h e  appearance of a Wchemicaln coma could be expected 

where thermodynamic equilibrium is  reached, enveloped by a Tniddlew coma where 

t h e  thermodynamic e p i l i b r i a ,  although not  a c t u a l l y  reached, a re  i n d i c a t i v e  of 

s t i l l  p c s s i b l e  chemical react ions.  It was  demonstrated t h a t  a thenriosphere i s  

formed, which r ap id ly  penetrates  i n t o  t h e  mean coma when t h e  comet appoaches  

t h e  sun. We compiled a l i s t  of t h e  m i e c u l e s  produced by t h e s e  chepical  reac- 

t i o n s  a t  equilibrium and compred it to  t h e  r a d i c a l s  observed i n  t h e  heads and  

tai ls;  t h e r e  seems t o  be a s a t i s f a c t o r y  one-to-one correspondence, which would 

a p o s t e r i o r i  justify t h e  hypotheses mde as t o  t h e  o r i g i n  and c o n s t i t u t i o n  of 

t h e  cometary nucleus. 

The d i s t r i b u t i o n  of parent molecules, furnished by t h e  

The predicted concentrations i n  t h e  coma are r a t h e r  high, e s p c i a l l y  

(1) It should be eentioned that t h e  mthemat i ca l  developments of t h e  

Sov ie t  school  have been possible  because of t h e  s i m p l i c i t y  of apFmxinat ion of 

t h e  s a t u r a t e d  vapor pressure of gases P = AT’, used by Dcbrovolsky ( i953) ,  a n  

approximation t h a t  does f a c i l i t a t e  the c a l c u l a t i o n s  bu t  i s  much less accura t e  

than  t h e  c l a s s i c a l  Clapeymn equation. This s i m p l i f i c a t i o n  of t h e  mthemat i ca l  

approach resul ts  i n  a corresponding loss of physical  s i g n i f i c a n c e  of t h e  formulas, 

p a r t i c u l a r l y  if a n  attempt i s  rrade t o  i n t e r p r e t  :hotometric observat ions i n  

t e r m  of physical  p r a z e t e r s .  

of 6 = 13.1, given f o r  nethane, i s  s t r i c t l y  app l i cab le  only  near  100°K s ince  

t h e  value of 6 , f o r  real methane, varies from 20 t o  5 i n  t h e  interval from 8 8  

For example, t h e  au tho r  v e r i f i e d  t’hat t h e  value 
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t o  160° . 
Simi la r ly ,  t h e  value of 9 f o r  water varies from 36 t o  23 i n  t h e  i n t e r v a l  

from 1 6 8  t o  26C’K. 

t h e  real gases within t h e  temperature range considered here,  and t h e  f irst  

not iceable  deviat ions are produced f o r  temperatures below 8 8  K. 

Conversely, t h e  C i a p e p n  e q m t i o n  rerrains quite c lose  t o  

( 2 )  Everything passes as though t h e  e n t i r e  gaseous molecule, s t r i k i n g  t h e  

i n t e r f a c e  between t h i s  m l e c u l e  and i t s  l i q u i d  ( o r  s o l i d )  phase would always 

condense. 

which t h e  number of l i q u i d  o r  s o l i d  niolecules e v a p r a t k g  per unit t h e  i s  equal 

t o  t h e  number of gaseous rrolecules s t r i k i n g  t h e  i n t e r f a c e .  

mits c a l c u l a t i n g  t h e  ra te  of evaporation of s o l i d s  o r  l i q u i d s  i n  vacuum. 

f a c t ,  t h i s  rate is  given by t h e  number o f  gas molecules, calculated by t h e  

k i n e t i c  theory,  that would s t r i k e  t h e  su r face  of evaporation under considerat ion 

if a s a t u r a t e d  vapr i n s t ead  of a vacuum were present.  

Thus, a v a p r  becomes s a t w a t e d  on reaching a dynamic equi l ibr im i n  

This  s t a t enen t  per- 

In 

E x p e r h e n t a l  da t a  have shown that t h e  theory  is  proved t o  wi th in  a coe f f l -  

c i e n t  q u i t e  c lose  t o  u n i t y  ( see  Delseme and Swings, 1951). 

(3) 

c o e f f i c i e n t  b, i s  obtained from t h e  d e f i n i t i o n s  and f r o m  t h e  apy-oxirration 

adoFted i n  t h e  k i n e t i c  theory  of gases. I n  f a c t ,  it i s  suggested t o  rake a l ter-  

nate use of t h e  mean-square v e l o c i t y  f o r  pressures  and of t h e  mean v e l o c i t y  f o r  

fluxes; in t h e  Maxwell approximation, t h e s e  two v e l o c i t i e s  d i f f e r  by 

i .e. ,  by about 8%. 

by a n  experimental accommodation coe f f i c i en t  bl t h a t  a d j u s t s  t h e  appvldrrat ion 

t o  rea l i ty  and that i s  general ly  close t o  0.70, which i s  t h e  va lue  adopted here. 

In  t h e  t h e o r e t i c a l  formula o f  t h e  rate of evaporation, t h e  numerical /31 

- (kf’ 
In p r a c t i c a l  app l i ca t ion ,  t h i s  m u s t  i n  turn be mul t ip l ied  

(4) The mean dens i ty  i n  t h i s  case i s  C.24 ,  a value t h a t  i s  preferable  t o  

higher  e s t h t e s  in v i e w  of t h e  f a c t  that, s i n c e  t h e  f o r c e  o f  g r a v i t y  is of t h e  
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order  of  

e x i s t  i n  t h e  form of a l i g h t  snow w i t h  numerous voids than i n  t h e  form o f  i c e .  

I n  add i t ion ,  w e  w i l l  denonstrate  t h a t  t h i s  snow general ly  is d r y ,  s ince  i t s  

n e l t i n g  p i n t  is  hardly ever  reached. 

i n  such a m d e l  is  of t h e  o rde r  of only lo-" a t m .  

in te rvene  much i n  t h e  subsequent developnent. 

on t h e  sur face ,  t h e  r a t t e r  present  t h e r e  is  oluch more l i k e l y  t o  

The c e n t r a l  pressure, due t o  grav i ty ,  

These da t a ,  however, do not  

(5) O u r  howledge as t o  t h e  r e l a t i v e  abundance of 0, C y  and K i s  based 

ra inly on observations of s o l a r  and s t e l l a r  atmospheres. 

I n  r a r t i c r i i a r ,  t h e  compilation by Suess and Urey (1958), sc far  as t h e  

abundance of 0 ,  C y  and N i s  concerned, is based on a d iscuss ion  by Aller (1958) 

who gave t w o  s e r i e s  of values ,  one f o r  t h e  sun and t h e  o the r  f o r  t h e  mean of 

t h e  young stars. These values ,  i n  our m d e l ,  l ead  t o  60% water,  6% NH3, and 

2($ CH+ (solar Values) and, respect ively,  t c i  52% water, 1% Wb, and 16% C& 

(values of young stars). We preferred t o  use here t h e  s o l a r  values  as being 

m r e  r ep resen ta t ive  of mat ter  i n  t h e  s o l a r  system, desp i t e  t h e  f a c t  t h a t  t h i s  

i r l t e rp re t a t ion  is  open t o  d i scuss ion;  however, it w i l l  be shown t h a t  t h e  e v a p -  

r a t i o n  of  f r e e  netbane f i n a l l y  w i l l  aEyoach both p o s s i b i l i t i e s .  

( 6 )  A s  an  ind ica t ive  value,  we a re  here l imi t ing  t h e  temperature t o  a /32 
maximm of l g 0 K  s o  as t o  e s t a b l i s h  the concept s ince ,  according t o  Note 4, t h e  

F s s i b l e  partial pressure of CHI is lirriited t o  a t m  during f o m a t i o n  of t h e  

hydrate whereas t h i s  hydrate can also e x i s t  above 0 ° C  at a pressure  of s eve ra l  

a t m s p h e r e s ;  on ea r th ,  t h e  channels formed i n  moist methane, t h a t  become 

clogged a t  ambient tenpera ture ,  are an eloquent proof of t h i s .  

Conversely, it i s  not hmown w h a t  t akes  place xhen approaching l o w  tempera- 

When t h e  hydrates are very cold ( seve ra l  t e n s  of ' K) , they  might decom- tures. 

pose, r e s u l t i n g  i n  an empty c r jwta l l ine  l a t t i c e  ( see  Table 11). Y i l l e r  (1961) 
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est imated t h a t  t h i s  night  happen near 88K. 

have neglected t h i s  even tua l i t y  s ince t h e  hycrates  anyhow reappear above t h i s  

h y p t h e t i c a i  temperature. 

Eecause o f  t h e  lack  of da t a ,  we 

(7) The hydrates known in  t h e  laboratory fol low m r e  o r  l e s s  t he  empir ical  

formula CHI 6.9 HzO s ince  t h e  c r y s t a l l i n e  l a t t i c e  holes a r e  not a l l  f i l l e d  

a t  300" K . 
(8) For  s impl i f i ca t ion ,  we wrote t h e  hydrate of N H s  i n  t h e  fom, o f  K k O H ;  

s ince  NE3 and H20 are miscible  i n  any proport ion,  t o  form i o n i c  hydrates t h a t  

a l l  have a s u f f i c i e n t l y  high f r e e  e n e r a  of hydration ( e u t e c t i c  rxixtures), it 

i s  probable that t h e  equilibriunl w i t h  t h e  CH4 hydrates ten& i n  f avor  of a 

l a r g e r  quan t i ty  of water assoc ia ted  with t h e  XH3. 

m t  been s tudied  f u r t h e r  s ince  i t s  i n t e r e s t  i s  only r e l a t i v e  so fa r  as t h e  

present  d i scuss ion  is  concerned. 

This p a r t i c u l a r  quest ion has 

( 9 )  Thus, t h e  matter present m u s t  be v i sua l i zed  as a very d r y  snow s ince  

it has  never been wetted. 

f i n e  needles  in t e r l i nked  by fi lamentary s t r u c t u r e s  (Dcnn e t  a l . ,  1963). 

The probable forms o f  c r y s t a l l i z a t i o n  are, no doubt, 

(1C) This  invoives Xhipplets convention (l950) so fa r  as t h e  albedo & is 

concerned, although a l a r g e r  albedo wuuld be mre  p laus ib le ,  i f  t h e  ou te r  

layers of t h e  nucleus were corr,posed of a l l  s o r t s  o f  snow rdxed w i t h  dus t .  

I n  f a c t ,  t h e  more o r  l e s s  contaminated terrestr ia l  i c e s  have albedos between 

0.30 and 0.60 (Hubley, 1955) which would r e s u l t  i n  diminishing t h e  r a t e  of 

e v a p r a t i o n  a t  a p r o p r t i o n  t h a t  might reach a f a c t o r  of 2. 

t i v e  albedo AI a t  low-temperature r ad ia t ion  i s  concerned, i ts  xragnitude is  of 

minor impbrtance s ince  t h e  term a9? i s  small with respec t  t o  t h e  hea ts  of evapo- 

r a t i o n  a t  s i g n i f i c a n t  d i s t ances .  

& 

So far as t h e  rela- 

(11) I n  t h e  case of slow o r  zero r o t a t i o n ,  a ca l cu la t ion  o f  t h e  tempera- 
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t u r e  a t  va r ious  p in ts  of t h e  nucleus, as a funct ion of t h e  zen i th  angle  o f  t h e  

sun, demonstrates that t h e  d i s t r i b u t i o n  i s  Jruch more shallow than t h e  w e l l -  

kncwn law i n  (cos a)*, which i s  due t o  a decrease in e v a p r a t i o n  with increas- 

i n g  ternperzture. 

temperature drops by 18 only f o r  t h e  p i n t  a t  which t h e  sun is n o t  more than 

1.9 above t h e  horizon. If a r o t a t i o n  of t h e  nucleus were present ,  t h e  phase 

l a g  introduced by t h e  heat ing time (cn r i s i n g )  o r  cooling time (on s e t t i n g )  

obviocsly would s l i g h t l y  m d i f y  t h e  chenomena. 

t h i c h e s s  of t h e  s i n f a c e  l a y e r  Fenetrated by t h e  s o l a r  flux, i.e., on t h e  

thermal i n s u l a t i o n  of t h e  nucleus, which is  high. The phase l a g  t h u s  w i l l  be 

appreciable  only f o r  rapid r o t a t i o n s ,  and a su r face  tenperature  e q u i p a r t i t i o n  

w i l l  be reached only f o r  ex t r ene ly  rapid r o t a t i o n s .  

For example, s t a r t i n g  with 70' K a t  t h e  sGbsolar p i n t ,  t h e  

This depends basically on t h e  

(12) The depths of t h e  var ious isotherms i s  dec i s ive  f o r  t h e  t ime required 

t o  e s t a b l i s h  equilibrium s ince  t h e  steady state derenas on a s e l e c t i v e  sublima- 

t i o n  up t o  these  I s o t h e r m .  

on t h e  hea t  transfer a t  t h e  cen te r  of t h e  nucleus i n d i c a t e s  that t h i s  l a t t e r  i s  

hlgkiy i n s u l a t i n g  so  that AT of t h e  order of iOC°K cculd be reached r e a d i l y  a t  

rcuch less thar, 10 ni of depth. Zcwever, i n  uur second mode;, a su r face  layer 

of 10 m depth contains 1014 gm o f  C& which would have evaporated wi th in  tkn 

months a t  3 a.u. and within one day at 0.6 a.u. 

t h e  o r d e r  of magnitude of t h e  time necessary f o r  obtaining such a quasi-steady 

equilibrium and suggests t h a t  t h i s  equilibrium, i n  general ,  would be r e a l i z e d  & 

before t h e  comet arrives a t  3 a.u. on i t s  a p y v a c h  t o  t h e  sun. 

This reasoning denonstrates  t h e  error committed by Watson, Kurray, 

To estircate t h e s e  depths,  t h e  Whipple aFproxination 

This gives a general  i dea  on 

(13) 

and Brown (1963) i n  r e j e c t i n g  t h e  presence of gas hydrates by s t a t i n g :  "they 

would be unstable on those bodies which are t o o  small t o  r e t a i n  t h e i r  own atmo- 
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spheres". 

a t e  a t  i n f i n i t e  v e l o c i t y ;  t h e i r  d i s soc ia t ion  r a t e s  a r e  def ined by t h e  same laws 

as t h e  ve loc i ty  of sublimation of gas i c e s  s ince  they depend on a similar 

thermodynamic process, namely, a va r i a t ion  in f r e e  energy accompanying t h e  

change o f  state under consideration. 

a n  apprec iab le  g r a v i t a t i o n a l  f i e l d ,  these rates of d i s soc ia t ion  may be consider- 

ab ly  dece lera ted  by t h e  establishment of a s teady s ta te  wi th  molecular flow of 

gases i n  t h e  surface p r e s ,  as had been demonstrated previously.  

It i s  true that these  hydrates a r e  unstable ,  bu t  they do not d i s soc i -  

On t h e  o t h e r  hand, even i n  t h e  absence of 

(a)  The e f i s t i n g  rrixed hydrate of argon and rzetkane w i l l  s t a b i l i z e  t h e  

su r face  t e m p - a t u r e  f o r  a b r i e f  i n s t an t ,  between t h e  sur face  temperatures of 

re thane  and methane hydrate.  

that t h e  cosmic abundance of argon corresponds t o  2 x 10"" molecules i n  t h e  

model, such t h a t  it very l i t t l e  rmdifies t h e  methane b d r a t e  i f  cosmic abmdance 

i s  assumed. 

This has been neglected only because of t h e  f a c t  

(15) in t h i s  preliminary analysis, we d i d  not  consider t h e  cont r ibu t ion  

of o t h e r  E k e d  hydrates.  

c l a t h r a t e  type,  which we need not consider i n  o m  model s i n c e  t h e  Ch hydrate 

i s  t h e  on ly  a b d a n t  substance here. Asic'e from t h e  f a c t  t h a t  it i s  not even 

c e r t a i n  that a mixed hydrate  can be formed between CH+ and one of t h e  azeot ropic  

forms of h"3 hydrates,  i f  such a mixed hydrate  mu16 exist then  t h e  var ious 

gases would be concentrated there  i n  an inverse  r a t i o  of d i s s o c i a t i o n  pressures  

of pure hydrates,  which would mean - f o r  exan;Fle - that CH4, a t  a temperature 

of &O0K, would p a r t i c i p t e  onPj t o  within 0.1% cif t h e  KH3, i.e., t G  4 x 

x 

Thus, i t s  contr ibut ion again would be i n s i g n i f i c a n t  and xouid not a t  a l l  change 

t h e  s teady  state descr ibed below. 

Xiller (196i) t r e a t s  only mixed hydrates of t h e  

my whereas 68 x gm would remain f ixed  i n  t h e  pure hydrate of CY?. 
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(16) It should be Eentioned t h a t ,  s i n c e  EaO and KH3 are suscep t ib l e  t o  

conbine i n  any proportion i n  t h e  hydrate, 1 9 3 O K  Is a t e r - p r a t u r e  above t h e  re l t -  

i n g  p i n t  of any of t h e  p r o p r t i o n s  corriprised between 100% and 30% cf NE3. 

less t h n  3Cz  of NH3 and more than 70% water, t h e  fus ion  point  rises r a p i d l y  

toward t h e  f u s i o n  point of water ice. 

For 

(17) This is t rue  only  when admit t ing an e q u i p a r t i t i o n  of energy in t h e  

gas undergoing evaporation, which c o n s t i t u t e s  a r a t h e r  c l a u s i b l e  h y p t h e s i s  i n  

v i e w  of t h e  r e l a t i v e l y  s h o r t  length of t h e  mean f ree  paths.  

(18) The concentrations given f o r  C2 ana C3 do not c o r r e s p n d  t o  t h e  con- 

c e n t r a t i o n s  reached a t  e q u i i i b r i m  but t o  r e a c t i o n  t h e s  of 4 C  rrsec a t  atmo- 

s p h e r i c  pessure (Delsemme, 19491, i .e. ,  of  t h e  o rde r  of 4G,OOO s e e  f o r  t h e  

pressures  e x i s t i n g  i n  t h e  internal coma. 

of t h e  o rde r  of t h e  residence time of t h e  molecules i n  t h e  internal coma, which 

j u s t i f i e s  t h e  given concentrations.  

t h i s  d i r e c t i o n  is lampblack ( co l lo ida l  carbon) but t h a t  t h i s  is  reached only  a t  

m c h  longer  r eac t ion  tirres for t h e  temperature under considerat ion here 

(Deismme , 1949). 

H G w e v e r ,  t h e s e  du ra t ions  are exac t ly  

It i s  lclown that t h e  f i n a l  equilibrium i n  
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